Foci of altered hepatocytes are regularly observed early during hepatocarcinogenesis in rodents. The abnormal hepatocytes may show a number of different phenotypes as characterized by various cytomorphological and cytochemical markers. The first appearance and the further development of the abnormal cell populations depend on the dose of the carcinogen given and on the duration of the carcinogenic treatment. According to cytochemical, morphometric and autoradiographic findings in rats receiving low doses (2-10% of the LD 50/kg bw/ day) of hepatocarcinogens for limited periods (iistop" experiments), glycogenotic (clear or acidophilic) hepatocytes indicate the first step of the neoplastic cell transformation which can be detected by these methods at present. The glycogenotic cells undergo a characteristic metamorphosis and give rise to basophilic tumor cells poor in glycogen, but rich in ribosomes. Under extreme experimental conditions, such as a single or repeated application of higher doses of one or several chemical carcinogens a puzzling picture emerges which is "reversible" to a large extent after withdrawal of the respective compounds. This observation points to a phenotypic instability of the cellular changes induced in certain experimental systems. Foci of altered hepatocytes persisting after withdrawal of the carcinogenic compounds are considered preneoplastic lesions. They may transform into neoplastic nodules which are also persistent and share a number of cytomorphological and cytochemical markers with the focal lesions. The persistent nodules progress to hepatocarcinomas after lag periods of weeks or months. However, the foci may also progress to hepatocarcinomas without passing a nodular intermediate stage. The development of both neoplastic nodules and carcinomas from the preneoplastic glycogen storage foci can proceed independent of further administration of carcinogen. The sequence of cellular changes during hepatocarcinogenesis derived from the experimental results in rodents is strongly supported by observations in humans, especially by the increasing reports on the appearance of hepatic tumors in patients who suffer from inborn hepatic glycogenosis.
INTRODUCTION
Ever since the fundamental work of Sasaki and Yoshida (78) the development of focal and nodular lesions prior to the appearance of hepatocarcinomas has been described by many authors in rodent liver after administration of various hepatocarcinogensand some chemicals with a disputed carcinogenic effect (5, 24, 29, 80, 90, 91. 110) . For a closer characPresented at the International Symposium of the Society of Toxicologic Pathologists. Reston. Virginia, May 10-12, 1982 .
* Supported by the Deutsche Forschungsgemeinschaft. 19 terisation of the foci and nodules nearly all possible adjectives from the terminological repertoire of pathologists have been used, namely "degenerative", "regenerative", "hyperplastic", "preneoplastic" and "neoplastic". This widely varying nomenclature is confusing, but it mirrors the difficulties in understanding the biological behaviour of the lesions and their significance for carcinogenesis. During the past 20 years, in addition to conventional histopathology, modern micromorphological methods, such as electron microscopy and cytochemistry revealed a large TOXICOLOGIC PATHOLOGY body of information about the cellular and subcellular changes appearing under the influence of hepatocarcinogens (4, 5, 7, 13, 23, 24, 25, 44, 69, 92, 110) . However, for some time most of the ultrastructural cellular changes were regarded nonspecific for the process of carcinogenesis (92) . In 1964 a decrease of the activity of the microsomal enzyme glucose-6-phosphatase (34) and an excessive storage of glycogen (10) were described as negative and positive cytochemical markers, respectively, for putative preneoplastic hepatocytes. A few years later the introduction of stop experiments as originally suggested by Druckrey and his colleagues (22) considerably improved the evaluation of the experimental results (4, 33) and allowed the distinction between reversible, persistent, transient and progressive cellular changes induced in rat liver by hepatocarcinogens (7, 11) to be made. The list of positive or negative cytochemical markers of putative preneoplastic and early neoplastic cell populations has rapidly grown since then and helped to identify certain steps of the neoplastic cell transformation (13, 23, 27, 69, 110) .The cellular analysis of focal and nodular lesions produced in rodent liver by chemicals has opened a number of important new insights into the process of hepatocarcinogenesis. On the basis of these' findings the terms "foci of altered hepatocytes" and "neoplastic nodules" have been recommended by working groups (88, 91) , but the classification of the nodules has not been unequivocally accepted and it may have to be reconsidered due to recent observations in different laboratories.
Cytomorphological and cytochemical markers of specific lesions appearing during hepatoeareinogenesis
One of the first cytopathological changes developing in the hepatocytes of rodents after treatment with hepatocarcinogens is an excessive storage of glycogen (hepatocellular glycogenosis) as demonstrated by the PASreaction (13) . The early glycogenotic cells show a clear cytoplasm in sections stained with H&E. The appearance of the hepatocellular glycogenosis depends on the dose and duration of the carcinogenic treatment (4, 8) . According to histochemical investigations in the liver of adult rats treated with N-nitrosomorpholine (NNM) in concentrations between 80 and 120 mg/l of drinking water for 7-14 weeks two qualitatively different populations of glycogen storage cells can be distinguished which may be classified as clear cell areas and clear cell foci, respectively (38) .
Clear cell areas (Fig. 1a) . The clear cell areas develop within 2-7 weeks of treatment with NNM in the doses applied. They are not sharply demarcated and occupy large portions of the liver parenchyma which are predominantly localized in the first and second zone of the functional liver acinus as defined by Rappaport. Hacker et aI. (38) investigated the clear cell areas histochemically with respect to the activity of a number of enzymes of the carbohydrate metabolism, such as glycogen synthetase, glucose-6-phosphatase, glycogen phosphorylase or glucose-6-phosphate dehydrogenase, but they usually did not find marked changes of the enzymatic activity in these early lesions. This result agrees with earlier observations on the activity of acid and alkaline nucleases in the same experimental model (93) . After withdrawal of NNM the accumulation of glycogen which characterizes the clear cell areas is partly reversible (4, 38) , especially when the carcinogen is removed from the diet after short periods of application. This holds also true for other hepatocarcinogens, such as aflatoxin B 1 (63) or 2-acetylaminofluorene (30) . Similar clear cell areas emerge early during hepatocarcinogenesis in mice, but their detection is much more difficult than in the rat since the liver of mice frequently shows abundant glycogen storage throughout the parenchyma without any treatment by carcinogens (12) . One might speculate that this has some bearing on the high incidence of "spontaneous" liver tumors in many mouse strains.
Clear and acidophilic cell foci (Fig. 1b and  c) . Within the clear cell areas, prominent glycogenotic foci often develop in the liver of rats treated for some weeks with NNM or other hepatocarcinogens (13, 38) . These foci may also be induced by administration of a single dose with (83) or without (8) preceding partial hepatectomy. The pronounced storage foci are often well demarcated from the surrounding tissue, although gradual transitions within clear cell areas and between foci and areas may considerably hamper classification. The foci are composed of an abnormal cell population exhibiting a markedly enlarged cytoplasm which is often clear in H&E preparations, but may also be acidophilic due to a hypertrophy of the agranular endoplasmic reticulum. In our experimental system these foci persist after withdrawal of the carcinogen for weeks and months (4) as will be discussed in more detail later on. Using a rather sophisticated method of laser-microdissection and biochemical microanalysis Klimek et al. (51) could recently show that the persistent glycogen storage foci induced in the rat liver by NNM contain 50-100% more glycogen than the surrounding tissue or the liver paren-TOXICOLOGIC PATHOLOGY chyma of untreated control rats. In contrast to the clear cell areas a decrease or an increase of the activity of a large number of various enzymes has been demonstrated histochemically in the foci storing glycogen in excess. Examples of a decreased enzymatic activity in glycogen storage foci of the rat liver are glucose-6-phosphatase (33), glycogen phosphorylase (82), the membrane-bound ATPase (79) and acid or alkaline nucleases (95) . An increased activity has been found with y-glutamyltranspeptidase (46), glucose-6-phosphate dehydrogenase (37) , epoxide hydrolase (53) , and others. More recently similar observations have been reported for the spontaneous or chemically induced hepatocarcinogenesis in mice (55-57, 68, 77, 104) . However, in both species the picture has become more complicated as more phenotypic markers have been described. Thus the enzyme histochemical pattern of the foci may be rather heterogeneous and appears to be influenced by many factors (13, 23, 27, 68, 69, 110) . In our hands the excessive storage of glycogen, the micromorphology of the storage cells and lately also the increased activity of the glucose-B-phosphate dehydrogenase, which has been confirmed biochemically in both microdissected foci (51) and homogenates of the preneoplastic liver tissue (60), proved to be the most valuable phenotypic markers of the prominent focal lesions appearing early during hepatocarcinogenesis.
Mixed cell foci ( Fig. 2a and b) . After a lag period which may vary between some weeks and several months depending on the animal species used and the dose and duration of the carcinogenic treatment, the clear and acidophilic cell foci show a striking change in their morphology. In addition to the clear and acidophilic glycogen storage cells, other types of altered hepatocytes appear, namely vacuolated (fat storing) cells, basophilic cells (rich in ribosomes, but poor in glycogen) and various intermediate cell types (4, 6, 13) . These foci were classified as mixed cell foci by working groups (88, 91) . Detailed histochemical investigations of the enzymes of the carbohydrate metabolism mentioned earlier in the mixed cell foci have shown that the changes in enzymatic activity resemble in many respects those of the clear and acidophilic cell foci (13, 38) . However. the glycogen-poor basophilic cells exhibit a decreased activity of the glycogen synthetase. At the same time the glucose-6-phosphate dehydrogenase and the glyceraldehyde-3-phosphate dehydrogenase are markedly increased in their activity. The strong increase of the activity of the glucose-6-phosphate dehydrogenase is also evident in biochemical investigations of microdissected mixed cell foci (51) . These findings suggest a phasing out of glycogen metabolism, parallel to a switching on of the pentose phosphate pathway and glycolysis during transformation of the glycogen storage cells into basophilic cells (13, 38) . Neoplastic nodules (Fig. 2c) . The term "neoplastic nodule" was recommended to replace the so-called "hyperplastic nodule" of the rat liver some years ago (88) . Although this terminology has been largely accepted (6, 41, 91, 105) , it is not used throughout the literature since in some experimental systems many nodules turned out to be reversible after cessation of treatment (39, 67, 96, 97, 111) . In considering the controversial discussion regarding the hyperplastic versus neoplastic status of such lesions we defined the neoplastic nodule as "a persistent expansively growing lesion that is composed of characteristically altered hepatocytes arranged in an irregular pattern" (6) . This definition seems still to be valid, but I will come back to this important point. The majority of the persistent nodules produced in stop experiments with NNM are composed of mixed cell populations which are morphologically and histochemically closely related to those of the mixed cell foci. Frequently, however, the basophilic cells predominate in the nodules as is only seldom the case in the foci. Transitions between mixed or basophilic cell foci, nodules and hepatocarcinomas (Fig. 2d) consisting mainly of basophilic cells poor in glycogen have been observed by many authors (see 4, 5, 7, 24, 75, 80) . While these observations indicate that the nodules originate from the foci and may progress to carcinomas, it is highly probable that the latter can also develop directly from the foci without going through a nodular intermediate stage (6, 109) . On the basis of lack of further growth of persistent nodules in transplantation experiments Williams (112, 115) discussed whether these nodules might represent a benign neoplastic endstage, but Wanson and colleagues (103) have recently reported that many cells of nodules induced in the rat by diethylnitrosamine show invasive capacity in an in-vitro-system. This result is consistent with our earlier suggestion that the neoplastic nodule (with the exception of the totally basophilic type which may already be a carcinoma) contains a mixture of precancerous, definitely cancerous, and diverse intermediate cells (6) . The morphologic similarity of the neoplastic nodule of the rat liver with human hepatic adenomas has been repeatedly stressed (d. 75) . Comparable nodules in mice have been classified as type A hepatocellular nodules (102) , neoplastic nodules (12) or adenomas (55, 68, 113).
TOXICOLOGIC PATHOLOGY

Sequential cellular changes during hepatocarcinogenesis in stop experiments.
Cellular metamorphosis (Fig. 3) . From the sequence of cellular changes observed during hepatocarcinogenesis in the rat liver we concluded that the clear and acidophilic glycogen storage cells persisting after withdrawal of the carcinogen represent a preneoplastic cell population, the neoplastic transformation of which is accompanied by a gradual reduction of the glycogen and a concomitant increase in ribosomes (4, 10) . The findings of many other authors (31, 33, 79, 84, 100 and others) and recent results of enzyme-histochemical investigations (38) are in agreement with this concept. Further support is given by observations in mice treated with various hepatocarcinogens (12, 47, 65, 77, 104) and results obtained in some other species, such as Mastomys (106) and monkeys (76) .
Cellular proliferation. Different authors investigated the kinetics of cell proliferation in enzyme-altered foci of the preneoplastic rat liver by radioautographic determination of the incorporation of 3H-thymidine (16, 40, 52, 72, 73, 74, 79, 85) . However most of these studies did not take into consideration the different cell populations composing the foci. In collaboration with Dr. Rabes we have recently done some investigations in this field (Zerban et al., unpublished results). Preliminary results revealed an additional argument for the sequence of cellular changes proposed. The incorporation of the 3H-thymidine was determined by radioautography one hour after a single intraperitoneal injection of the labelled compound in rats treated in stop experiments with NNM. The results are summarized in fig.  4 . It is evident that the clear and acidophilic cell foci show already a somewhat increased incorporation of 3H-thymidine as compared to the liver parenchyma of the untreated controls. However, a much more pronounced and steadily increasing cell proliferation is linked with the appearance of mixed and basophilic cell populations in foci, nodules and carcinomas. 
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sections stained with H&E the areas of the clear or acidophilic cell foci and mixed or basophilic cell foci were measured and their number was calculated according to Scherer (81) . As shown in fig. 5 , the majority of the foci developed after withdrawal of the carcinogen. With increasing dose of NNM the number of the lesions considerably increased, and this was accompanied by an earlier development of mixed and basophilic cell populations. There was no indication of any reversibility of the focal lesions under these experimental conditions. On the contrary, the foci became larger and acquired phenotypic markers closer to neoplasia independent of further action of the carcinogen.
Influence of phenobarbital. We have also investigated with morphometric methods the influence of different doses of phenobarbital (PB) (0.75; 0.075; 0.0075 g/l), given in the drinking water for 4 or 16 weeks, on the liver of rats previously treated for 7 weeks with NNM in a concentration of 120 mg/I (62). The most interesting result of these studies in the context of this presentation is that the additional administration of PB subsequent to NNM led not only to a dose-dependent increase in the size of the preneoplastic foci as shown earlier 49, 50, 70, 72) , but also to an acceleration of the appearance of mixed and basophilic cell populations. It is difficult, if not impossible, to decide at present whether this effect of PB is distinguishable from that of an unequivocal carcinogen.
Instability of phenotypic markers appearing in various models of hepatocarcinogenesis.
A serious problem for the evaluation of preneoplastic or neoplastic cellular changes in the liver of rodents has become more and more obvious during the last few years. In various experimental models it was found that most phenotypic markers of hepatocarcinogenesis which have been described SQ far are not stable and may be mimicked by cellular reactions which are not necessarily related to the neoplastic transformation. Thus, under certain experimental conditions, areas, foci or nodules appear which resemble in their phenotype the persistent lesions discussed, but may disappear after cessation of treatment.
Areas and foci. As mentioned above, the excess glycogen characterizing the early clear cell areas is partly reversible after withdrawal of the carcinogen (4, 30, 38, 63) . The pronounced storage of the polysaccharide in the persistent glycogenotic foci is followed by a glycogen reduction with a concomitant increase in ribosomes in late stages of hepatocarcinogenesis (4). An early, albeit reversible glycogen reduction accompanied by an enhanced cytoplasmic basophilia due to ribosomal increase may also occur under the influence of high doses of hepatocarcinogens (94, 98) . Williams and his colleagues reported that the resistance of altered hepatocytes to iron storage is largely reversible after withdrawal of the carcinogen for some weeks, but it may reappear later on (111) . The decrease in the activity of certain enzymes, such as glucose-6-phosphatase (72) or ATPase (21), during early stages of hepatocarcinogenesis also often seems to be reversed later on.
Nodules. Even more puzzling than the instability of phenotypic markers in the areas and foci is the reversibility of nodules induced in the liver of rats or mice in some experimental models (39, 45, 67, 96, 97) . In most of these experiments the nodular lesions were induced by repeated application of exceedingly high doses of one or several chemicals and regressed to a large extent after withdrawal.
Moreover, Weinbren and Washington (108) produced liver nodules in rats by portocaval anastomosis which did not seem to represent examples of neoplastic transformation (107) . The experimental procedure for a rapid production of a nodular rat liver preferred by many groups at present has been developed by Solt and Farber (86) who applied a single dose of a carcinogen as so-called initiator followed by partial hepatectomy and a subsequent treatment with 2-AAF and CCI 4 • We used this model recently giving NNM as "initiator" and analysed the phenotypes of the cells from foci and nodules by histochemical methods 1 and 11 weeks after cessation of the AAF-treatment (62b). I cannot go into details of the results, but I would like to mention some of them briefly. First of all, we can confirm that many foci and nodules produced by this regimen regress rapidly. This has been exemplified morphometrically using the increased activity of glucose-6-phosphate dehydrogenase as a positive marker for foci and nodules ( Fig. 6 and 7) . Like other authors we were not able to detect clearcut differences in the phenotypes of the cells composing the reversible and the persistent lesions. Both the reversible and the persistent nodules were morphologically very similar to the nodules classified as neoplastic in other experimental systems. However we never observed a pronounced compression of the surrounding tissue by the nodules of the Solt-Farber model during the time period studied. An important point which is still under investigation appears to be that the procedure of Solt and Farber not only reversibly enhances the number of foci and nodules, but also strongly influences the intensity of the expression of phenotypic markers in the single cells of these lesions. The cause and significance of the regression of foci and nodules varyingly called "remodelling" (25) , "reversion" (111), "maturation" (48) or "neodifferentiation" (26) is poorly understood. Cyst-like changes within the nodules (Fig. 8) were taken to indicate a degenerative or regressive alteration by some authors (41, 96) . We analysed these lesions by electron microscopy and cytochemistry and found that they represent a specific pathomorphologic entity for which we propose the name "Spongiosis hepatis" (15) . Our results suggest that spongiosis hepatis originates from the perisinusoidalliver cells (Fig. 9 ) and might be due to a carcinogen-induced metabolic disturbance of this cell type. Frequently, spongiosis develops in the non-nodular liver parenchyma as well, and it does not seem to be related in any particular way to the regression of nodules. Farber and associates (28) and Williams and Watanabe (111) reported some results which point to a persistence of the initial cellular lesion responsible for the neoplastic transformation even after regression of the phenotypic changes in foci and nodules. As to the diagnostic problems it may be helpful to realize that all experimental models in which reversible nodules were induced by chemicals are characterized by a multinodular pattern involving nearly the whole liver parenchyma. In contrast to this picture, the persistent neoplastic nodules usually appear not only in lower number, but also in a much less systematic fashion.
Relevance of the observations in rodents to hepatocarcinogenesis in humans.
What is the relevance of the experimental results in rodents to hepatocarcinogenesis in humans? The answer to this question has two basically different aspects, firstly the pathogenesis of human hepatic tumors, and secondly the significance to human cancer risk.
Pathogenesis of human hepatic tumors. A number of observations have been reported which suggest that the sequence of cellular changes during hepatocarcinogenesis in man and experimental animals is in principle identical (1, 3, 9, 20) . Occasionally foci of clear or acidophilic (ground glass) cells storing glycogen in excess were found in livers of patients bearing multicentric hepatocellular carcinomas (1, 20) . The predominance of glycogenrich cells in many liver cell adenomas is a well-known fact (1, 2, 71) . The most interesting aspect of human pathology in this context is the appearance of hepatic tumors increasingly reported in humans suffering from inborn hepatic glycogenosis, mostly that of the von Gierke Type ( Table 1) . Liver tumors could be detected by scintigrams, ultrasonograms, biopsies or autopsies in many patients with this genetically fixed disease. While the tumors are relatively rare in the first decade of life they appear in all patients who pass through adolescence. Histologically both adenomas and carcinomas were diagnosed and in some cases the clinical course of the disease suggested transformation from adenomas into carcinomas (36, 43, 61, 116) . The increasing reports on the development of hepatic tumors in patients with inborn hepatic glycogenosis have been explained as a consequence of the supportive therapy which nowadays ensures that more and more infants with Type I gly- cogen storage disease are surviving into childhood and young adulthood (36) . The observations in humans strongly support our hypothesis that the metabolic disturbance leading to the hepatocellular glycogenosis, which is probably fixed at the genetic level in both humans and experimental animals, might also be responsible for the neoplastic transformation of the hepatocytes (4, 13) .
Risk assessment in rodent liver. The significance of the rodent liver nodule to human cancer risk is difficult to assess. Avoiding a oNegative result of scintigraphy or ultrasonography discussion on the difficulties of risk assessment in experimental animals in general, I will spend a minute on more specific problems concerning the rodent liver nodules. There is general agreement that liver tumors induced by a certain chemical in rats might indicate a higher risk than those induced in mice (19, 64) . The complex models for a rapid production of liver nodules in rats by chemicals which have been proposed by different authors (86, 96) in the last years should be interpreted very cautiously. The reversibility of many nodules appearing in these models after cessation of treatment does not seem to be a major problem from a practical point of view since some nodules persist in all models described. Therefore, any production of nodules might be sufficient to indicate a carcinogenic potential of the compound tested. However, the additional application of chemicals some of which are potent carcinogens in these test systems hampers the interpretation of the results as long as we know little about the possible interaction of the different effects of the various experimental procedures. In order to clearly discriminate between reversible and persistent nodules, the latter being regarded as neoplastic in nature, stop experiments are to be recommended. With respect to the mouse as a test animal it has been shown that some mouse strains and especially the males of these strains show a high incidence of spontaneous liver tumors and display a high susceptibility to the development of liver nodules following the administration of chemicals (35) . The reason for this higher susceptibility is still obscure. perhaps an inborn error of glycogen metabolism is present in some mouse strains (12) . The predictive value of the induction of liver nodules in mice in carcinogenicity testing has been thoroughly discussed and in addition to unequivocal hepatocarcinogens, chemicals with a disputed carcinogenic effect have produced this lesion (19) . From a morphological point of view there seems to be no difference between the nodules induced by established hepatocarcinogens and those described after treatment with the disputed compounds. At present it is almost impossible, however, to exclude that some compounds only promote the development of tumors which are initially or concurrently induced by unknown exogenous or endogenous carcinogenic factors. In spite of this difficulty, the highly susceptible mouse strains may be looked upon as particularly sensitive in-vivo test systems (99) , especially if a perinatal application of the test compound is performed (101) . At any rate, the results of investigations in this in-vivo system appear to be more reliable for the assessment of cancer risk in man than those of the many in-vitro tests. 
